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ABSTRACT 
 
In recent times, communities and structures along the Gulf of Mexico have 
experienced the destructive and devastating impact of hurricane surges and waves. 
While the impacts of surges have been studied, there exists a need for (1) the 
understanding of open-coast and bay environment hurricane wave conditions and (2) 
expedient prediction, for rapid evaluation, of wave hazards as a function of hurricane 
parameters. This thesis presents the coupled ADCIRC-SWAN numerical model results 
of wave height sensitivity based on the investigation of several hurricane parameters. 
Also presented is the development of parameterized maximum significant wave height 
models. These are determined by incorporating three forms of an equivalent fetch into 
(1) dimensionless best-fit equations and (2) Shoreline Protection Manual (SPM) method.   
Computational results indicate that for a range of simulated hurricane parameters, 
a wide range of spatial and temporal characteristics, for the significant wave height, 
exists. The location of hurricane landfall results in a significant difference in the wave 
height at specified points.  Additionally, the variation in central pressures, radius sizes 
and forward speeds leads to elevated surge levels that contribute to wave generation. 
Furthermore, the time evolution trend of the generation of the significant wave height is 
found to be unique to its geographic location.     
In the development of  parameterized maximum significant wave  height models, 
the dimensionless best-fit equation approach indicates how strongly the various forms of 
the equivalent fetch and the bathymetric depth ultimately determines the predicted 
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maximum significant wave height. This approach yielded RMSE that range between 
0.52m – 0.68m. Additionally, the accuracy for this approach varied greatly as the highest 
scatter index was 0.28 for the open-coast points and 0.37 for the bay points. The SPM 
approach gives an indication of how strongly the functional form of the equivalent fetch 
determines the predicted maximum significant wave height.  When compared to the 
dimensionless approach, this method produced a lower RMSE of 0.37m and a greater 
accuracy for the scatter index of 0.23 for the open-coast points and 0.31 for the bay 
points.  
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CHAPTER I  
INTRODUCTION  
 
1.1 The Hazard of Hurricane Storm Surge and Waves 
Hurricanes are one of the most deadliest, destructive and costliest forms of 
natural disasters known to man. In fact, the 1900 Galveston hurricane remains the 
deadliest natural disaster in U.S. history as it left 8,000 people dead and 3,600 buildings 
destroyed (NOAA, 2012).  Since 2004, there have been nine major hurricanes that 
affected the Gulf of Mexico coastline (NOAA-NHC, 2012a). In 2005 hurricane Katrina, 
for example, became the most costly and third most deadly hurricane in US history, 
resulting in over 1800 deaths and over $80 billion in damages along the coast of the Gulf 
of Mexico (Knabb et al., 2005). Similarly, in 2008 hurricane Ike resulted in 64 deaths 
and over $10.0 billion dollars in insured damages in Texas, Louisiana, and Arkansas 
(Berg, 2009). Moreover, since the establishment of the Federal Emergency Management 
Agency (FEMA), eight hurricanes are listed as the most expensive disasters that affected 
the United States (FEMA, 2010a).  
The disastrous effects of hurricanes are caused by four main factors: storm 
surges, waves, strong winds and extreme rainfall. Along the coast, storm surge is often 
the greatest threat to life and property. Hurricane Katrina is a prime example of the 
damage and devastation that can be caused by surge. At least 1500 persons lost their 
lives during Katrina and many of those deaths occurred directly, or indirectly, as a result 
of surge (NOAA-NHC, 2012b). Additionally, during this storm, surge had impacted 
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large segments of the population, tourism centers, oil and gas industries and key  
transportation arteries (Knabb et al., 2005). 
Adding to the destructive power of surge, waves may increase damage to 
buildings directly along the coast. Water weighs approximately 1,000 kg/m
3
00; thus, 
extended battering by frequent waves can damage any structure not specifically designed 
to withstand wave forces. The two elements work together to increase the devastating 
impact on land because the surge makes it possible for waves to extend inland (NOAA-
NHC, 2012b). With major storms like Katrina, Camille and Hugo, devastation of coastal 
communities occurred. Additionally, waves, in combination with strong tidal currents, 
severely erode beaches and coastal highways (FEMA, 2010). 
 
1.2 Hurricane Wave Damage  
At the coast, storm surge combined with wave action has the greatest potential 
for extensive damage (FEMA, 2010b). Numerous reports have documented storm surge 
and wave related damage (Knabb et al., 2005; Padgett et al., 2008; Kraus et al., 2009; 
Berg, 2009; Kennedy, 2011a) from various hurricanes, thus stressing the need of the 
importance of accurate prediction of hurricane impacts on coastal residences and 
structures.   
In a qualitative forensic assessment of residential damage on Bolivar during 
Hurricane Ike, Kennedy et al. (2011a), observed that in most shoreline areas, homes 
were destroyed by wave induced forcing. This damage was identified at ground level 
from obvious impacts to flooring systems or other damage on the seaward surface. Other 
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types of wave induced damages noted ranged from waves and surge destroying the 
house superstructure on top of pilings, to the widespread pile collapse from erosion and 
very high wave loads simultaneously. The authors further observed that the wave 
damage on surviving houses was most obvious at the immediate shorefront and 
decreased further inland.  
The stability of coastal structures and bridges directly exposed to intensified 
wave forces during hurricane events are a major concern. Padgett et al. (2008), describes 
the observed damage patterns in a study of 45 bridges that sustained damage in 
Alabama, Louisiana, and Mississippi, during Hurricane Katrina. The authors observed 
that the most common severe failure mode for bridges were the unseating of individual 
spans cause by excessive motion of the bridge decks. This displacement of bridge decks 
is attributed primarily to the combination of the storm surge buoyant forces and battering 
waves lateral forces.    
 
1.3 Thesis Content 
Hurricane storm waves and surge are known to cause catastrophic damages to 
coastal communities and structures; thus, an understanding of these conditions is 
necessary in order to prepare for future events. In addition, predictions of these 
conditions need to be expedient to allow for rapid evaluation of hazardous storm waves 
and surge. As a result, we seek to assess the near shore maximum wave conditions as a 
function of hurricane parameters. Hence, the objectives of this research are as follows: 
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 Review existing deep and shallow water wave parameterized models 
found in literature; 
 Perform simulations to determine the sensitivity of significant wave 
height for a range of varying hurricane parameters which includes 
landfall location, central pressures, radius sizes and forward speeds;   
 Develop general, parameterized response models for maximum wave 
height as a function of hurricane parameters.   
 
This thesis is comprised of five chapters. Chapter I identifies the threat of 
hurricanes surge and waves and their devastating effect on US coastlines. Chapter II 
presents a background overview on the governing equation for waves and surge, as well 
as a literature review of the existing body of research relating to parameterized wave 
models. Chapter III details the hydrodynamic, wave, and wind models used in the study. 
This chapter also outlines the numerical strategy and processes for wave height 
sensitivity and maximum significant wave height parameterization analyses. Chapter IV 
discusses and compares the results of the simulations. Chapter V presents the 
conclusions and recommendations for further research.    
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CHAPTER II  
BACKGROUND AND LITERATURE REVIEW 
 
2.1 Introduction 
This chapter provides a foundation for investigating the wave height responses 
with respect to varying hurricane parameters and the development of maximum wave 
heights equations. Section 2.2 gives an introduction to the basic types of ocean waves. 
As maximum wave heights are accompanied by storm surge, an overview of the physics 
and governing equations that described storm surge and waves are discussed in Section 
2.3 and Section 2.4, respectively. Section 2.5 provides an overview of the literature that 
describes the hurricane wave field. Empirical equations have been investigated to 
describe waves in deep and shallow water. Hence, Section 2.6 discussed the deep water 
parameterized equations that described wave heights in hurricane conditions. Section 2.7 
discussed the shallow water equations to described wave heights in shallow water.   
 
2.2 The Basic Types of Ocean Waves 
In general, there are five basic types of ocean waves. Sound waves are due to 
water compressibility. Gravity waves are induced by gravitational forces that act on 
water particles displaced from equilibrium at the ocean surface. Short, high frequency 
capillary waves arise from the combination of the turbulent wind and surface tension at 
the contact surface between air and water. Planetary (or Rossby) waves are induced by 
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the variation of the equilibrium potential vorticity, due to changes in depth and latitude 
(Massel, 1996).  
Ocean surface responses occupy an extraordinarily broad range of wavelengths 
and periods, from capillary waves, with periods of less than a second, through wind-
induced waves and swell with periods on the order of a few seconds, to tidal oscillations 
with periods of the order of several hours and days. Figure 1 depicts the schematic 
representation of energy contained in the surface waves and the frequency range 
associated with external forces. Meanwhile, the physical mechanisms generating these 
waves are listed in Table 1 (Massel, 1996). 
 
 
 
Figure 1. Schematic distribution of wave energy in frequencies (From Massel, 1996). 
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Table 1. Waves, physical mechanisms, and periods (From Massel, 1996). 
 
Wave type Wave name Physical mechanism Period 
Capillary waves Capillary waves Surface tension < 0.1 s 
Wind waves 
& Swell 
Wind waves Wind shear, gravity < 15 s 
Swell Wind waves < 30 s 
Infra-gravity 
waves 
Surf beat Wave groups 1 - 5 min 
Seiche Wind variation 2 - 40 min 
Harbor resonance Surf beat 2 - 40 min 
Long period 
waves 
 
Tsunami Earthquake 10 min - 2 hr 
Storm surge 
Wind stresses and atmospheric 
pressure variation 1 -3 days 
Tides 
Gravitational action of the moon 
and sun, earth rotation 12 - 24 hr 
 
 
2.3 Governing Equations for Surges 
A storm over shallow near-shore coastal waters can generate large water level 
fluctuations, or storm surges, if the storm is sufficiently strong and the water body is 
shallow over a large enough area (Sorensen, 1993). To study these conditions, it is 
assumed that the vertical fluid depth is much smaller than the horizontal scale of motion, 
a hydrostatic vertical pressure distribution exists and the fluid density is constant. 
Therefore, integration of the three-dimensional equations of continuity and motion 
through the fluid depth yields the two-dimensional shallow water equations for the 
conservation of mass and momentum (Lynch and Gray, 1979).  
The vertically integrated continuity equation (Luettich and Westerink, 2004) 
becomes: 
     0








VH
y
UH
xt
H
 (2.1) 
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where,  
  dzvuH
VU
h

,
1
,  depth-averaged velocities in the x, y directions, 
vu, vertically-varying velocities in the x, y directions, 
 hH  total water depth, 
h bathymetric depth, 
 free water surface elevation. 
The vertically integrated momentum equations are: 
 
 /
,
s o
sx bx x x x
o o
P gU U U
U V fV g
t x y x
M D B
H H H H H
  
 
 
    
    
   
    
 (2.2) 
 
 
 /
,
s o
sy by y y y
o o
P gV V V
U V fU g
t x y y
M D B
H H H H H
  
 
 
    
    
   
    
 (2.3) 
 
where, 
g gravitational acceleration,  
yx DD , momentum dispersion, 
Yx MM , lateral stress gradient, 
yx BB , baroclinic pressure gradient, 
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f Coriolis parameter, 
o water density, 
sysx  , surface stresses, 
bybx  , bottom stress components, 
sP atmospheric pressure, 
 equilibrium tide potential, 
 effective Earth elasticity factor ( 0.69). 
From Equation 2.2 and 2.3, the dominant forces that contribute to hurricane 
storm surge arise from the wind stress, the barometric pressure reduction, the Coriolis 
force, and the wave set-up (Dean and Dalrymple, 2002). Wind stress is created by the 
frictional drag of the wind blowing on the water surface and is empirically determined 
from 
 
2
s fc W   (2.4) 
where s is the wind stress,  is the density of water, fc is a dimensionless friction 
coefficient and 2W is the wind speed measured at an elevation of 10m (Dean and 
Dalrymple, 2002).  In hurricane conditions, the across shore component of wind stress 
increases in importance as the water depth decreases, hence winds blowing onshore over 
shallow water will produce a setup along the coast, and conversely. The force balance is 
represented by:
  
 
x w bgH                                                                (2.5) 
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where  is the water density, g is the acceleration of gravity, H is the total water depth, 
X  is the across shore slope of the sea surface,  w  is the wind stresses and b  is the 
bottom stresses (Weisberg and Zheng, 2006). Equation 2.5 shows that the across shore 
sea surface slope is directly proportional to the wind stress and inversely proportional to 
the water depth. Hence, storm surge levels along a coast are dependent on the 
bathymetry, with broad, shallow continental shelves more prone to large surge than 
narrow, deep continental shelves.   
The barometric setup is the response of the coastal waters to the hurricane, and it 
is characterized by the elevation of the water level in the low pressure region. The 
magnitude of the barometric response, compared to the wind stress, is small and can be 
estimated as 
 ,B
p



  (2.6) 
where B is barometric response, p is the difference in pressure (from the low pressure 
at the center of the storm to the ambient pressure)  and   is the specific weight of water. 
The barometric response can be further expressed as: 
 1.04 ,B p    (2.7) 
where B  is measured in centimeters and p is measured in millibars (Dean and 
Dalrymple, 2002). 
The Coriolis setup occurs when the storm forces strong currents to flow along the 
shoreline due to the force resulting from the earth’s rotation. This component of storm 
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surge can be important for large currents, but it can also act to reduce storm surge when 
the current is flowing in the opposite direction (Dean and Dalrymple, 2002). 
 
2.4 Governing Equations for Waves  
In this study, the two most important aspects of waves are the wave set-up and 
radiation stresses. Under hurricane conditions wave set-up is considered an important 
contribution to storm surge.  
When waves enter coastal waters, their amplitude and direction will be affected 
by the limited water depth. Additionally, a limited water depth also affects the 
generation, nonlinear wave-wave interactions and dissipation of wave energy. In shallow 
water the wave group velocity slows down, thus there is more transfer of energy from 
wind to waves. As a result of the combined effects of wind and a shallow water depth, 
the waves steepen, thus enhancing nonlinear wave-wave interactions, white-capping, and 
depth limited breaking. Overall, the most dominant processes that affect the waves are 
shoaling, refraction and depth induced breaking (Holthuijsen, 2007). 
Shoaling and refraction both represent the effect of varying depth on wave height 
and direction. The change in wave height due to shoaling can be obtained from an 
energy flux balance represented by: 
  
d
0,
ds
gc E   (2.8) 
where Ecg  is the energy flux per unit crest length (energy, 8/
2gHE w ,  for wave 
height H ) and s is the coordinate in the direction of wave propagation. Therefore, a 
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decrease in group velocity, gc , is accompanied by a corresponding increase in wave 
height (WMO, 1998). The change in phase velocity will turn the wave direction. This 
occurs as the shallow water part of the wave crest velocity is slowed down, whereas the 
deeper part of the crest retains its speed. This change in direction of the wave crest is 
governed by Snell’s law, by which, along the wave ray: 
                                                
sin
.,
phase
const
c

                                                   (2.9) 
where the angle  is taken between the wave ray and the normal to the depth contour. 
Due to refraction, the change in wave height can be represented by an energy balance: 
                                                           
d
0,
ds
gc E b                                             (2.10) 
                 
 
where the energy transport, ( )gc E , between two adjacent wave rays, b , is constant 
(WMO, 1998).  
Depth-induced breaking occurs when the crest attains a speed sufficiently high to 
overtake the preceding trough. One model for depth-induced wave-breaking is 
represented by Battjes and Janssen (1978), as described in Holthuijsen (2007): 
 20,
4
1
brBJwavesurf HgfD   (2.11) 
where 1BJ is a tunable coefficient, 0f is the inverse of the wave period,  is the 
water density, g is the gravitational constant and brH is the height of the breaking wave. 
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As waves propagate towards the coast, the processes of generation and 
dissipation cause a horizontal variation in the flux of energy and momentum. The 
corresponding variations in momentum flux are manifest in gradients in the mean sea 
surface and the generation of wave driven currents (WMO, 1998). The wave momentum 
fluxes are proportional to the wave energy; hence, when waves break, the momentum 
flux decreases. This change in momentum flux is balanced by changes in the mean water 
level.  
The onshore-directed momentum flux is the radiation stress, xxS , which is 
defined (within in the surf zone) as:  
  
2
23 ,
16
xxS g h     (2.12) 
where  is the breaking index (Dean and Dalrymple, 2002). The gradient in momentum 
flux is balanced by a slope in water level within the surf zone. This slope is represented 
by: 
 
 
1
,xx
S
x xg h

 

 
 
 (2.13) 
where   is the wave set-up. Wave set-up occurs within the wave breaking zone and 
results in a super-elevation of the water level. The setup is due to the transfer of wave 
momentum from the breaking waves to the water column. 
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2.5 Hurricane Wave Field  
Complex ocean wave fields are generated by the large gradients in wind speed 
and the rapidly varying wind directions of the hurricane vortex. An understanding of 
these physical processes for hurricane wind wave evolution has been gained from a 
combination of in situ measurements at single points during the passage of hurricanes, 
remote sensing data and the application of numerical models (Young, 1999).  
However, an advancement in the understanding of the spatial distribution of 
significant wave height was made by King and Shemdin (1978), who introduced the 
concept of an extended fetch for a translating hurricane (Young, 2003). The wave field 
has an even greater degree of asymmetry due to the combined influence of the 
asymmetry of the wind field and the extended fetch which exists within a translating 
hurricane. The wind vector in the intense wind region to the right of the storm center 
(northern hemisphere) is approximately aligned within the direction of forward 
propagation. Therefore, waves generated in this region tend to move forward with the 
hurricane and therefore remain in the high wind regions for an extended period of time. 
In contrast, waves generated in the low wind side of the storm (left side in northern 
hemisphere) propagate in the opposite direction to the hurricane translation and rapidly 
move away from the high wind areas. As a result, the spatial distribution of the wave 
field does not exactly mirror the wind field (Young, 2003).  Figure 2 displays a 
schematic diagram of the generation of waves in a translating hurricane.  Low frequency 
waves generated in the intense wind regions to the right of the storm center will have 
group velocities which are typically greater than the velocity of forward movement of 
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the storm, Vfm . Hence, these components will appear as swell ahead of the storm center. 
This swell radiates out from the spatially localized generation area. Hence, the spectrum 
ahead of the storm often consists of locally generated wind sea together with swell 
radiating from the center of the storm (Young, 1999).  
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic diagram showing the generation of waves within a translating hurricane 
(From Young, 2003). 
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An extended fetch is also important in determining the wave height within a 
hurricane. Not only is the wave height determined by the maximum wind speed, Vmax, 
but also by the period of time the waves remain within the intense wind region. As Vmax  
increases, the period of the waves generated and hence the group velocity at which they 
propagate also increases, as nonlinear interactions move energy to lower frequencies. 
Consequently, Vfm  must also increase for the most severe wave conditions to occur. For 
a given value of Vmax, the wave height could be expected to increase with increasing Vfm  
until a maximum is reached (Young, 1999).  
 
2.6 Parameterized Wave Models   
Several practical approaches are presently used for estimating maximum wave 
heights generated by hurricanes. The most popular consists of parametric models 
developed on the basis of numerical modeling of wave evolution under hurricane 
forcing. An example is the parametric model proposed by Young (1988), which have 
been widely used in hurricane forecast guidance (Kumar et al., 2003; Panigrahi et al., 
2010; Wu et al., 2003). Young’s (1988) model was developed from ADFA1 numerical 
model results, which is a second generation Sea Wave Modeling Project (SWAMP)  
spectral wave model based on a numerical solution of the radiative transfer equation 
(Young, 1988).   
Young’s (1988) parametric model estimates hurricane-generated maximum wave 
heights, maxsH within a storm based on Bretschneider (1957) concept of an equivalent 
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fetch, Xeq , and the standard  Hasselmann et al. (1973) JONSWAP fetch-limited growth 
relationship, which is expressed as: 
 
0.5
2 2
10 10
0.0016 ,s
gH gX
U U
 
  
 
 (2.14) 
where sH  is the significant wave height, 
2
10U  is the 10m wind velocity, g is the 
acceleration of gravity and X  is the fetch length. 
An attempt to incorporate the qualitative understanding of the hurricane wave 
field into a quantitative model was made by Young. Young assume that the JONSWAP 
relationships, originally developed for fetch-limited conditions, could also be applied in 
hurricane wind fields with the specification of a suitable equivalent fetch. In Equation 
2.14, the wind field is quasi-homogeneous and X is the downwind distance along a 
straight line. However, for a moving storm, Young (1988) proposed that the actual fetch 
be replaced by an equivalent fetch, Xeq . Consequently, Xeq should represent (i) the 
distance over which  Vmax  effectively contributes to wave growth (no longer a straight 
line), and (ii) the added growth due to an extended fetch effect, resulting from waves 
moving forward with the storm (Alves et al., 2004). Young’s (1988) modification is 
represented by 
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eqs
gXgH
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 
  
 
 (2.15) 
This quantity, Xeq, is defined as a function of three wind field parameters which 
ultimately determine the magnitude of max
sH ; the forward advection velocity of the storm, 
Vfm, the maximum wind speed, Vmax, and the radius to maximum winds, Rmax.   
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In Young’s parametric model, Vfm and Vmax play a dual role in determining the 
maximum significant wave height within the storm, the spatial distribution of waves and 
the directional properties. The third parameter, Rmax, acts as a nonlinear scaling 
parameter representing the relative size of the hurricane system.  Initial Xeq values are 
determined from the JONSWAP equation by using max
sH  calculated from an extensive 
set of model simulations using a range of Vmax and Vfm and fixed referenced  max
refR  of 
30km. Although the model is empirical, it implicitly incorporates the consistent non-
dimensional scaling of JONSWAP, together with the parameters observed to be 
important in determining the wave field in a hurricane (Young, 1999). 
This generalized equivalent-fetch relationship from Young (1998) is in the form: 
 2 2
max max max ,eq fm fm fmX R aV bV V cV dV eV f          (2.16) 
 
where 32.175 10a    , 21.506 10b   , 11.223 10c    , 12.190 10d   , 
16.737 10e    and 17.980 10f    are the polynomial coefficients determined from 
curve fitting.  
Simulations made with other values for Rmax that range from 15km – 60km, are 
then used to provide a scaling relationship for the polynomial equivalent-fetch 
expression. Thus, R  is a spatial scale parameter related to R through the non-linear 
relationship: 
 3 322.5 10 log 70.8 10 .R R      (2.17) 
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The term   is a scaling factor which in Young (1988) was taken as 1. Later, 
Young (2003), based on observations or more than 100 hurricanes, redefined   as: 
 
max0.015 0.0431 1.30.fmV V      (2.18) 
Alves et al. (2004) noted that a major limitation of Young’s parameterization for 
maximum hurricanes waves is the use of simulations made with a second-generation 
wave model. The authors argued that although his proposed parametric model may be 
successful in practical applications, a more refined parameterization require simulations 
made with a third-generation wave model. As a result, Alves et al. (2004) investigated 
how third-generation model simulations impact the form and structure of a parametric 
hurricane generated wave prediction model. In this effort, polynomial coefficients in 
Equation 2.16 and Equation 2.17 are re-derived by fitting Vfm and Vmax to Xeq, estimated 
from max
sH computed using the third generation model WAVEWATCH III. Hence, Alves 
et al. (2004) modified version of Young (1988) equivalent fetch is represented as:  
  
2 2
max max max ,eq A A A fm A fm A A fm AX R a V b V V c V d V e V f          (2.19) 
 
where 55.936 10Aa
  , 21.719 10Ab
  , 23.479 10Ac
   , 28.555 10Ad
  , 
11.319 10Ae
   and 15.340 10Af
   .  Additionally, the modified version of, R , is 
represented as:  
 3 329.7 10 log 103.7 10 .AR R      (2.20) 
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 In order to improve the original Young (1988) parametric model, Alves et al. 
(2004)  assumed that the equivalent fetch depends directly on Rmax and not the scaling 
parameter as defined in Young’s (1988) model. The authors further introduced the 
hypothesis that Xeq should also depend on the group speed of dominant waves, 
max
gc . 
This is because,  Rmax , taken as a proxy for the wind field curvature, is assumed to be 
important in determining the geometry of the effective fetch in a circular wind field. 
Also, the effectiveness of the storm forward speed  Vfm   in developing a cumulative 
fetch effect will depend on  
max
gc , the speed in which the dominant wave energy is 
travelling. Using this concept, a new equivalent fetch definition was proposed by Alves 
et al. (2004) as: 
  maxmax 1 / ,f gR V c

      (2.21) 
where   and   are determined from curve fitting to simulated values of maxsH .  A 
general formula which relates back to the JONSWAP growth curve is then defined as 
 ,
b
eqX a  (2.22) 
with a and b obtained by fitting the results of  to the JONSWAP curve (Alves et al., 
2004). Table 2 displays the curve fitted parameter values for Equations 2.21 and 2.22, 
which are based on the max
sH  obtained from both Alves et al. (2004) WAVEWATCH III 
model and Young’s (1988) model.  
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Table 2. Parameter values for Equations 2.21 and 2.22 (From Alves et al., 2004). 
 
 
 
 
 
2.7 Deep and Shallow Water Wave Functions   
One of the earliest methods of wave prediction is referred to the Sverdrup-Munk-
Bretschneider (SMB) method (Sorensen, 1993). The SMB method considers a 
dimensional analysis of the basic deep water generated functional relationship given by  
 ( , , , ),s dH f U F t g  (2.23) 
which relates the dimensionless significant wave height  to the dimensionless wind fetch 
and duration. This is represented as:  
 
2 2
, ,s d
gH gtgF
f
U U U
 
  
 
 (2.24) 
where sH is the significant wave height, g is the gravitational constant, U is the wind 
velocity, F is the fetch length and dt is the wind duration.           
In practical applications, the four parameters F , dt , U and g  are often reduced 
to three by expressing the duration dt  in terms of the equivalent fetch eqF . The essence 
here of the equivalence fetch and duration is that the wind has had the same time to 
transfer energy to the wave component considered. This approach is justified in that the 
energy of young sea states is concentrated around a sharp peak.  The direction of the 
Run data        a   b  
Alves et al. (2004)  2.3 0.5 1106.1 0.76 
Young  (1988) 2.1 2.8 0.6 0.29 
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peak component is equal to the wind direction and, therefore, constant, but its peak 
frequency 
peakf  is not. The peak frequency evolves over the duration and can be 
expressed as 
  ,
0
,
t
eq g peakF c t dt   (2.25) 
where 
,g peakc  is the group velocity of the evolving peak frequency and eqF  is the 
equivalent fetch (Holthuijsen, 2007). This transformation can reduce the number of 
parameters from four to three, thus yielding: 
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  
 
 (2.26) 
For deep water conditions, maximum wave height, max
sH are a function of 
maximum wind speed, Vmax   and fetch, F. However, in intermediate - shallow water 
conditions, depth is a very important factor. A limited water depth not only affects the 
propagation of waves but it also affects the generation, nonlinear wave -wave 
interactions and dissipation (Holthuijsen, 2007). The dissipation (frictional effects) at the 
bottom removes energy from the system. Hence, for a given wind speed, fetch, and 
duration the resultant significant wave height should be progressively less for decreasing 
water depths (Sorensen, 1993).  
For a water body where wave growth predominantly occurs under 
intermediate/shallow water conditions Equation 2.26   is modified to 
 
2 2 2
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gH gF gd
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U U U
 
  
 
 (2.27) 
where d is the water depth (Sorensen, 1993).  
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One commonly used method for prediction of depth dependent waves was 
formulated by Bretschneider (1954), who developed relationships that considered wave 
energy lost due to bottom friction and percolation in the permeable sea bottom. In a 
subsequent study, the U. S. Army Corps of Engineers extended the Bretschneider 
concept based on successive approximations in which wave energy is added due to wind 
stress and subtracted due to bottom friction and percolation. This is presented in the 
Shore Protection Manual (U.S. Army Coastal Engineering Research Center, 1984) in the 
form of shallow-water forecasting curves as:  
 
  
 
1/2
3/4
2 3/4
0.00565
0.283 tanh 0.53 tanh ,
tanh 0.53A
gH F
d
U d
 
 
  
 (2.28) 
 
where d  is the  non-dimensionalized water depth defined as: 
2
,
A
gd
d
U
   
and  F  is the non-dimensionalized fetch defined as: 
2
.
A
gF
F
U
  
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CHAPTER III 
MODELS / NUMERICAL SIMULATION STRATEGY  
 
3.1 Introduction  
This thesis presents findings that are derived from a series of physics-based 
models used to estimate wind fields, wave conditions and storm surge. The principal 
numerical models applied in this study consists of a coupled hydrodynamic and wave 
model, forced by a wind field model. ADCIRC is a hydrodynamic numerical model 
which determines storm surge, while SWAN is a wave model that generates wind-
generated waves in coastal regions. The ADCIRC and SWAN models are described in 
Sections 3.2 and 3.3, respectively. Section 3.4 describes the coupled model ADCIRC-
SWAN model which allows the execution of both models to run sequentially in time. To 
obtain the wind and pressure fields required to run the coupled model, the wind field 
model, PBL, is described in Section 3.5. With the framework of the numerical models 
described, the integration of these models is described in Section 3.6. Section 3.7 details 
the computational mesh used in the numerical methodology, while Section 3.7.1 outlines 
the study area of Corpus Christi. The process to investigate the sensitivity of wave height 
to varying storm parameters is described in Section 3.8. Section 3.9 describes the 
process used to determine the parameterized maximum wave height functions.  
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3.2 Advanced CIRCulation Hydrodynamic Model   
The hydrodynamic element model used in the coupled model is the Advanced 
Circulation Model (ADCIRC)  (Luettich et al., 1991;  Luettich and Westerink, 2004). 
ADCIRC is a finite element model capable of resolving water surface elevations and 
velocities under various forcing conditions. These forcings can include wind and 
pressure fields, tidal constituents, wave radiation stress and user-specified boundary 
conditions. A grid structure consisting of nodes and triangular elements provides the 
framework for computations in a spherical coordinate system.  As a basis for 
computations, ADCIRC uses a finite element scheme in space and a finite difference 
method in time to solve the Generalized Wave Continuity Equation (GWCE).  
The GWCE is generated by combining the spatially differentiated momentum 
equations (Equations 2.2 and 2.3) in its conservative form with the temporally 
differentiated continuity equation (Equation 2.1). The finite element solution is 
implemented using Lagrange linear finite elements in space and three and two level 
schemes in time for the GWCE and momentum equations, respectively (USACE, 2011). 
During execution of ADCIRC, the GWCE and the momentum equations are solved 
sequentially, yielding the free surface elevation and depth-average velocity (Luettich and 
Westerink, 2004). 
In this study, the Planetary Boundary Layer (PBL) model solves the governing 
equations for wind and provides the meteorological forcing to ADCIRC. The wind 
surface stress is computed from the wind velocity by a standard quadratic drag law: 
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  (3.2) 
where 10W  is the wind speed sampled at 10-m height over a 10-min time period and the 
ratio of the air density to that of water, /air o  , is 0.001293 (Westerink et al., 2008). 
The drag coefficient, dC , is defined by Garratt’s drag formula (Garratt, 1977): 
   3100.75 0.067 10 .dC W
    (3.3) 
Parallel processing techniques are used to run the ADCIRC model on distributed 
memory processors. Domain decomposition is employed to divide the computational 
mesh into portions that can be solved on individual processors (USACE, 2011). In this 
way, wall clock time is saved to complete the total simulation.  
ADCIRC can be executed in either three dimensional or two dimensional (depth-
integrated)  modes. The coupled model used in this thesis involves the two-dimensional 
(depth integrated) form, commonly referred to as ADCIRC-2DDI (Version 29.14). 
ADCIRC-2DDI  is widely used in the industry, academia (Atkinson et al., 2008; Bender 
et al., 2010;  Sheppard et al., 2007), and by the Army Corps of Engineers (USACE, 
2008; USACE, 2011) in the analysis of hurricane storm surge risk and development of 
storm protection plans.  
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3.3 Simulating Waves Nearshore (SWAN)  
The wave model used in the coupled model is Simulating Waves Nearshore 
(SWAN).  SWAN is a third generation wave model developed at the Technical 
University of Delft in the Netherlands and has been used to simulate waves in shallow 
water (Booij et al., 1999; Ris et al., 1999).  
In SWAN, the waves are described with the two-dimensional wave action 
density spectrum,  ,N   , where  is the relative frequency,   is the wave direction. 
Wave action is used since it is the conserved quantity in wave-current interaction 
(Bretherton & Garrett, 1969). The evolution of the wave spectrum is described by the 
spectral action balance equation (Booij et al., 1999): 
 
( )( ) ( ) ( )
.
yx
c Nc N c N c NN S
t x y
 
  
  
    
    
 (3.4) 
 
The first term on the left-hand side represents the local rate of change of action density 
in time, the second and third term represent propagation of action in geographical space. 
The fourth term represents shifting of the relative frequency due to variations in depth 
and currents, and the fifth term represents depth-induced and current induced refraction. 
The source term, S , represents the effects of generation, dissipation, and nonlinear 
wave-wave interactions. 
The source term, S , consists of both deep and shallow water wave effects which 
can be represented as: 
 4 3tot in wc nl bot brk nlS S S S S S S       (3.5) 
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Deep water effects are represented by the first three terms on the right hand side 
of the equation. These are defined as the transfer of energy from wind to the waves, 
inS , 
the dissipation of wave energy due to whitecapping,
 wc
S , and the nonlinear transfer of 
wave energy due to quadruplet interaction,
4nlS . In shallow water additional terms 
include: dissipation due to bottom friction, 
botS ; depth-induced breaking, brkS ; and 
nonlinear triad interaction, 3nlS  (Zijlema, 2010). SWAN formulations of these terms are 
extensively discussed in Booij et al. (1999) and Holthuijsen (2007). 
Recently, SWAN has been developed for unstructured meshes, similar to that 
used by ADCIRC (Zijlema, 2010). This version computes the wave action density 
spectrum  , , ,N x t   at the vertices of an unstructured triangular mesh, and it orders the 
mesh vertices so it can sweep through them and update the action density using 
information from neighboring vertices. It then sweeps through the mesh in opposite 
directions until the wave energy has propagated sufficiently through geographical space 
in all directions (Dietrich et al., 2011a). 
 
3.4 ADCIRC-SWAN Coupled Model   
The numerical simulations in this thesis have been performed using the coupled 
ADCIRC and SWAN. ADCIRC-SWAN have been integrated and coupled so that they 
run on the same global unstructured grid, share parallel computing infrastructure and run 
sequentially in time (Dietrich et al., 2011a).  
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The ADCIRC model is driven partly by radiation stress gradients that are 
computed using information from SWAN. These gradients,
,s waves , are computed by: 
 , ,
xyxx
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x y
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  
 
 (3.6) 
 , ,
xy yy
sy waves
S S
x y

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 (3.7) 
where xxS , xyS , and yyS are the wave radiation stresses:            
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where n is the ratio of group velocity to phase velocity (Dietrich et al., 2011a). The 
radiation stresses are computed at the mesh nodes using Equations 3.8 - 3.10, then they 
are differentiated to obtain the gradients in Equations 3.6 - 3.7.  
The coupled model, ADCIRC – SWAN, is run in series on the same local mesh 
and processor. On each coupling interval, ADCIRC is executed first, since in the near-
shore coastal environment wave properties are more dependent on circulation 
characteristics. At the beginning of a coupling interval, ADCIRC has access to the 
radiation stress gradients, ,s waves , computed by SWAN at times corresponding to the 
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beginning and end of the previous interval. ADCIRC uses that information to extrapolate 
the gradients at all of its time steps in the current interval. These extrapolated gradients 
are used to force the ADCIRC solution as previously described in Section 3.2. Once the 
ADCIRC stage is finished, SWAN is run for one time step, to bring it to the same time 
as ADCIRC. SWAN has access to the wind speeds, water levels and currents computed 
at the mesh nodes by ADCIRC, at time beginning and end of the current interval. SWAN 
applies the temporal mean of those values to force its solution on its time step. Hence, 
the radiation stress gradients used by ADCIRC are always extrapolated forward in time, 
while the wind speeds, water levels, used by SWAN are always averaged over each of its 
time steps (Dietrich et al., 2011a). The coupled model has been validated in the hindcasts 
of Hurricanes Katrina, Rita (Bunya et al., 2010; Dietrich et al., 2010a; Dietrich et al., 
2011a) and Gustav (Dietrich et al., 2010b).  
 
3.5 Planetary Boundary Layer (PBL)  
The forcing used in the simulations were hurricane wind and pressure fields, 
generated by the Planetary Boundary Layer (PBL) model of Thompson and Cardone 
(1996).  This PBL model is derived from the vertically averaged, horizontal equations of 
motion formulated with respect to a moving Cartesian coordinate system, with its origin 
at the center of the eye (Cardone et al., 1992). These equations are represented by 
(Vickery et al., 2000): 
  
1 D
H
CdV
f k V p K V V V
dt h
         (3.11) 
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and  
 ,
d
V
dt t

  

 (3.12) 
where  
V = vertically averaged horizontal velocity, 
f = Coriolis parameter, 
k  = unit vector in the vertical direction, 
 = air density, 
p = atmospheric pressure, 
HK = horizontal eddy viscosity coefficient, 
DC = drag coefficient, 
h  = height of the PBL. 
The vertically integrated momentum flux is related to the surface stress, and the 
wind and pressure fields are represented in terms of hurricane parameters including 
central pressure (cp), storm size ( )Rp , storm forward speed ( )fv , and peakedness ( )B  
(Holland, 1980). The properties of these hurricane parameters are specified at one-hour 
intervals and the PBL model computes the wind velocities and pressures in a fifteen 
minute time step.  
The PBL model simulates the tropical cyclone in steady state as a snapshot 
centered at the storm’s eye. This is because hurricane structures change relatively slowly 
in time, whereas its location does not. Thus, a series of snapshots are computed 
sequentially to describe the different phases of the storm’s evolution, and the 
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intermediate transitions between phases. The final wind and pressure fields are produced 
on a regular 0.05-degree by 0.05-degree grid with snapshots every 15 minutes (USACE, 
2011). The pressure field is generally described as (Cardone et al., 1994): 
 
0( )
pR
B
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p r p pe
 
  
    (3.13) 
where  
0p = central pressure at eye, 
p = pressure deficit between eye and far field, 
pR = scaling radius, 
r = radius, 
B = constant in the general range 0.5 – 2.5. 
The PBL model uses a moving coordinate system so the origin of a nested grid 
always coincides with  the center of the hurricane. This nested – computational domain 
consists of a system of rectangular grids which provides relatively fine grid spacing near 
the hurricane inner regions and coarse spacing in the outer region. The nested domain is 
obtained by using seven grids with linearly increasing grid spacing (1.25km, 2.5km, 
5km, 10km, 20km, 40km, and 80km) from the origin of the coordinate system. 
(Thompson and Cardone, 1996).  The PBL model computes the wind velocities and 
pressure at these nested grid points at specified time steps. 
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3.6 Overview of Procedure   
The first step was to run the parameterized PBL model using input tropical 
cyclone (storm trop) files, which are files that contain hourly snapshots of the storm 
parameters for its entire duration. The parameters included in the storm trop file, that are 
obtained from the storm track file, are the latitude, longitude, central pressure, storm 
size, storm forward speed, and Holland peakedness of the storm center. In addition to the 
parameters contained in the track file, the storm trop file contains other storm 
parameters, specified at one-hour intervals, including the storm rotation, direction, far-
field pressure, steering flow and direction of steering flow. The storm trop file is used as 
the input file into PBL model which computes the wind velocities and pressures with a 
fifteen minute time step. The resulting output files are in a format compatible to 
ADCIRC-SWAN specification so the PBL output is directly used as wind and pressure 
field input forcing for ADCIRC-SWAN computation.   
In addition to these meteorological forcing files, the ADCIRC–SWAN model 
uses five main input files. These include the unstructured finite element mesh and 
bathymetry file, the numerical parameter and boundary condition file, nodal attributes 
file, meteorological forcing input file, and the SWAN input file. The grid is defined by 
node numbers and locations, element neighbors and boundary information. The input 
parameters include the time step, duration of model run, coordinate system definitions, 
output parameters, and various input file parameters.  
During execution of the coupled model, ADCIRC interpolates spatially and 
temporally to project the meteorological fields to the nodes on the unstructured mesh, 
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and then passes the wind velocities, water levels and currents to SWAN through 
processor memory. SWAN, in turn, uses those quantities to force its wave computations 
and all related wave processes. At the end of each time step, SWAN computes the 
gradients of wave radiation stress, which are then passed as a forcing function to 
ADCIRC (Dietrich et al., 2011a; Dietrich et al., 2011b).   
At the completion of the simulation the output files specified were the global 
elevation time series, maximum elevation, maximum radiation stresses, maximum wind 
velocity, global wind velocity time series, global wave height time series, and maximum 
wave height. The data in these files are discussed further in this thesis. Figure 3 depicts 
the process used in modeling the results presented in this thesis.  
The simulations are performed on the high-performance EOS computing 
platform. EOS is an IBM iDataplex cluster located at the Texas A & M University 
Supercomputing Facility (2012), and is comprised of 372 nodes and 3168 quad-core 
processors (2.8 GHz, 64-bit). The normal mode of problem solving on EOS is running 
distributed or parallel computations under the control of a batch scheduler. For parallel 
computations, EOS is integrated well with Message Passing Interface (MPI) as a 
standardized environment.  For maximum efficiency, ADCIRC-SWAN simulations are 
performed on multiple processors (256 or 320). The coupled model uses the METIS 
domain-decomposition algorithm (Dietrich et al., 2011a) to decompose the mesh grid 
and related input files into local sub-meshes, assigning each sub-mesh to a core 
processor.   
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Figure 3. Overview of the numerical modeling process. 
 
 
 
 
3.7 Computational Domain    
The coupled model computational domain used in the simulations is derived 
from the TX2008 grid (USACE, 2008; Kennedy et al., 2011c) and it is an evolution of 
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an earlier east coast domain of Westerink et al., (1994). The grid contains 1,271,582 
nodes and 2,523,296 elements. The geographical domain, shown in Figure 4, includes 
the Western North Atlantic Ocean, the Caribbean Sea, and the Gulf of Mexico. The east 
coast offshore boundary is along the 60°W meridian, which extends from Glace Bay to 
eastern Venezuela. Other boundaries are defined by the eastern coastlines of North, 
Central and South America. The topography and bathymetry within the domain, shown 
in Figure 5, includes the continental shelf, the continental slope, the continental rise and 
deep ocean.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Computational domain extents. 
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3.7.1  Computational Domain – Corpus Christi   
One of the locations used for simulation in this study is the Corpus Christi Bay 
(Figure 6), located near the city of Corpus Christi, Texas, on the Gulf of Mexico. It is 
located on the tip on southern Texas, along Corpus Christi Bay, and also includes a 
number of barrier islands, namely Mustang Island and the northern section of Padre 
Island.  
The bathymetric and topographic elevations are shown in Figures 6 and 7, with 
depths ranging from 100m in the Gulf of Mexico to 20m elevation on the mainland. The 
unstructured grid mesh size is shown in Figure 8, with the variation of the larger 
elements in deep water to the refined areas around coastal Texas.  
Figure 5. Computational domain bathymetry and topography. 
 38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Map of Corpus Christi, Texas. 
Figure 7. Mesh bathymetry and topography 
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Specified output locations are displayed in Figure 9, and the corresponding 
geographical information is listed in Table 3.   
 
 
 
 
 
 
 
 
Figure 8. Mesh resolution and element sizes 
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Figure 9. Output points location. 
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Table 3. Geographic information of output points shown in Figure 9. 
 
Point 
No.  Location Longitude Latitude 
Depth 
(m) Node No. 
1 Nearshore -97.1314 27.6989 9.76 256766 
2 Shoreline west  -97.1851 27.6453 0.13 288584 
3 Shoreline west  -97.1751 27.6612 0.58 285325 
4 Shoreline west  -97.1667 27.6771 0.15 295113 
5 Shoreline -97.1450 27.7090 0.49 285395 
6 Dune  -97.1458 27.7096 -0.75 291932 
7 Inland -97.1489 27.7119 -1.15 301485 
8 Shoreline east  -97.1391 27.7147 1.13 282119 
9 Shoreline east  -97.1216 27.7432 0.21 288724 
10 Shoreline east  -97.1115 27.7557 0.77 285452 
11 Corpus Christi Bay  -97.2629 27.7039 3.34 614911 
12 Corpus Christi Bay  -97.2847 27.7097 3.61 656189 
13 Corpus Christi Bay  -97.2989 27.7114 2.43 673680 
14 Corpus Christi Bay  -97.3357 27.7256 3.52 722000 
15 Corpus Christi Bay  -97.3524 27.7390 3.91 734340 
16 Corpus Christi Bay  -97.3758 27.7532 -0.94 761696 
17 Corpus Christi  -97.3834 27.7674 0.13 776729 
18 Corpus Christi Bay  -97.3834 27.8327 -0.42 919510 
19 Corpus Christi Bay  -97.3441 27.8611 -0.08 859743 
20 Corpus Christi Bay  -97.3248 27.8678 -0.13 843234 
21 Corpus Christi Bay -97.3098 27.8721 1.34 836574 
22 Corpus Christi Bay  -97.2905 27.8745 3.63 833254 
23 Nueces Bay  -97.4110 27.8720 0.13 959713 
24 Nueces Bay  -97.3917 27.8720 0.69 942774 
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3.8 Model Setup for Wave Height Sensitivity Analysis  
To investigate wave height sensitivity to hurricane parameters, twelve scenarios 
that varied hurricane sizes and central pressures are selected for simulations. Listed in 
Table 4, are the hurricane scenarios which have minimum central pressures between 
900mb - 930mb, storm radii between 20.4km - 66.0km, and forward speeds between 
2.8m/s – 11.1m/s. The sensitivity analysis assumes that, by varying one of the 
hurricane’s parameter while keeping the others constant, wave height sensitivities are 
observed with respect to the varied parameter. The use of multiple storms having 
varying characteristics provides insight into wave height elevation changes during a 
range of storm conditions.  
 
 
Table 4. Suite of storms used in sensitivity analysis. 
 
Hurricane 
Sensitivity 
Parameter Storm 
Forward 
speed 
(m/s) 
Storm 
radius 
(km) 
Central 
pressure 
(mb) 
Location 
  
cc14-1 5.7 38.9 900 
cc15-4 5.7 38.9 900 
cc16-5 5.7 38.9 900 
Pressure 
 
cc1 5.7 20.4 960 
cc10 5.7 20.4 930 
cc11 5.7 20.4 900 
Radius 
 
`cc11 5.7 20.4 900 
cc9 5.7 40.4 900 
cc13 5.7 66.0 900 
Forward speed 
 
cc17 2.8 38.9 900 
cc14 5.7 38.9 900 
cc18 11.1 38.9 900 
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The first parameter investigated was hurricane landfall location as depicted by 
the three tracks in Figure 10. The baseline track is track 1, which originates in the Gulf 
of Mexico and is orientated in a northwesterly direction. The comparative tracks are 
track 4 and track 5, which are located 30 km south and north, respectively, of track 1. 
The modeled hurricanes; cc14-1, cc15-4 and cc16-5, simulated on these tracks have a 
forward speed of 5.7 m/s, radius of 38.9 and central pressure of 900mb.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Location and orientation of hurricane’s tracklines. 
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The second parameter investigated was the intensity of the hurricane. The 
forward speed of 5.7 m/s and the radius of 20.4 km were kept constant, and the central 
pressures were varied in 30mn increments from 900mb to 960mb.  These simulations 
were performed on track 1.  The third parameter investigated was the radius of the 
hurricane. The hurricanes modeled in this approach had a constant forward speed of 5.7 
m/s and central pressure of 900mb, but the radius varied from 20.4km to 66.0km. The 
last parameter investigated was the forward speed of the hurricane. While the radius of 
38.9km and the central pressure of 900mb were kept constant, the forward speeds 
2.8m/s, 5.7m/s and 11.1m/s were simulated.     
 
3.9 Model Setup to Determine max
sH  Parameterized Functions  
To generate a range of near-shore wave conditions for the development of 
parameterized max
sH  functions, thirteen storms of varying central pressures and sizes are 
created to use on the computational grid. The properties for the storm size ( )Rp and 
intensities ( )cp were specified based on the investigation of the discrete data set of U.S. 
Army Corps of Engineers (2008, 2011) and Irish and Resio (2009). Accordingly, 
synthetic hurricane wind and central pressure fields were created (via the PBL model) 
with central pressures between 960mb and 900mb, and radius to maximum wind sizes 
between 11km and 65 km. Table 5 lists the combination of hurricane sizes and central 
pressures selected for this study. With this forcing, simulations are performed with the 
coupled ADCIRC-SWAN model to generate wave fields, surge levels, and wind 
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velocities as output. The outputs from these simulations are use as the parameter inputs 
in the development of parameterized max
sH  functions.   
As discussed previously in Section 2.7, hurricane deep water max
sH models are 
functions of wind speed 
max( )V  and fetch ( )F . However, the fetch parameter would be 
replaced with the equivalent fetch ( )eqX definition as presented by Young (1988, 2003) 
and Alves et al. (2004). To obtain a max
sH  form that is similar to both Young’s (Equation 
2.15) and the functional form of Equation 2.26, the two dimensionless functions of max
sH
and equivalent fetch ( )eqX are graphed, and the best-fit power trend line as a function 
max
sH  is obtained. The 
max
sH  calculated from this power trend line is then graphed with 
the max
sH  outputs from the coupled ADCIRC-SWAN model, to determine the best suited 
functional form of Equation 2.26 and ( )eqX combination that can be applied for a 
particular coastal setting location.   
For quantitative evaluation of these methods efficiency, the scatter index (SI) and 
the bias parameter have been used for comparison of modeled and predicted  max
sH   
values: 
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where N  is the total number of data,  iO   is the predicted 
max
sH  value and  iS   is the 
modeled  max
sH  value.  
Additionally, the use of the 
eqX , as presented by Young (1988, 2003) and Alves 
et al. (2004), in the SPM model (Equation 2.28) is investigated. In this instance, the 
eqX  
is converted into dimensionless form and replaces the dimensionless fetch parameter. 
The resulting max
sH  calculated from the combined SPM- eqX  method is then graphed 
against the  max
sH  outputs from the coupled ADCIRC-SWAN model.  
 
Table 5. Suite of storms used in parameterization function development. 
 
Storm 
Forward 
speed 
(m/s) 
Storm 
radius 
(km) 
Central 
pressure 
(mb) 
cc1 5.7 20.4 960 
cc2 5.7 38.9 960 
cc3 5.7 66.0 960 
cc4 5.7 14.8 930 
cc5 5.7 32.8 930 
cc6 5.7 47.8 930 
cc7 5.7 11.1 900 
cc8 5.7 27.6 900 
cc9 5.7 40.4 900 
cc10 5.7 20.4 930 
cc11 5.7 20.4 900 
cc12 5.7 66.0 930 
cc13 5.7 66.0 900 
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CHAPTER IV 
RESULTS  
4.1 Introduction  
This chapter presents the coupled ADCIRC-SWAN numerical model results.  
Sections 4.2 – 4.5, discuss wave height sensitivity based on the investigation of 
hurricane’s landfall location, intensity, radius size and forward approach speed. Section 
4.6 discusses the conclusions of the sensitivity analyses. Section 4.7 discuss the 
development of max
sH  models, which is determined by incorporating Young’s eqX ,  
Alves’s modified version of Young’s 
eqX  
and Alves’s 
eqX  models into (1) 
dimensionless best-fit equations and (2) SPM model. The conclusions of the max
sH  
model results are discussed in Section 4.8.  
 
4.2 Sensitivity to Landfall Location     
In this analysis, the baseline track to which simulations are compared is Track 1 
(Figure 10), which orients from the southeast to the northwest. The modeled hurricane 
on this track has a central pressure of 900mb, radius of 38.9 km and a forward speed of 
5.7 m/s. Planar view elevation snapshots taken at different times in the simulation are 
shown in Figure 11. These time frames depicts both the significant wave heights and 
wind velocity vectors, in relation to the hurricane location, as it approaches and passes 
the bay at 6 hours before landfall, at landfall, and at 6 hours after landfall. The time 
stamp includes an arbitrary year and uses the Universal Time Coordinated (UTC) 
system.
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Figure 11. Results depicting sensitivity of wave heights to hurricane landfall location. Plots depicts planar view of model-simulated significant 
wave height contours (m) and wind vectors (m/s) snapshots at 6 hours before landfall, approximately landfall, and 6 hours after landfall. Rows 
represents the specified hurricane track. 
5
0000 UTC 1 Aug 2033
(approx. landfall) 
0600 UTC 1 Aug 2033
(approx. 6 hr after landfall) 
1800 UTC 31 July 2033
(approx. 6 hr before landfall) 
Track
1
4
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On track 1, at 6 hours before landfall, the waves along the shoreline are on the 
order of a few meters since a southerly, alongshore-directed wind stress begins to affect 
the coast.  At landfall, the winds to the right of the storm shift to onshore and flooding 
has occurred on Mustang Island, located immediately in front of the bay. Inside the bay, 
the waves generated are due to a complex interaction of localized hurricane winds and 
barrier surge inundation. After landfall and as the storm continues northwest the winds 
over the bay reverses direction, resulting in higher wave heights in the northern section 
of the bay. At 6 hours after landfall, with the winds directed onshore and northward, 
there exists continued generation of waves in the near-shore environment.  
On track 4, at 6 hours before landfall, the hurricane waves activity is similar to 
that of Track 1. At landfall, the intense winds to the right of the storm are directed 
onshore and the wave heights are near maximum in the near-shore environment. 
Furthermore, due to the southern landfall location of this storm, larger wind velocity 
vectors in the bay generated the maximum wave heights when compared to the other 
tracks and landfall locations. At 6 hours after landfall, wave activity continues inside the 
bay as maximum wave heights, of around 3m, are seen. This is due to the fetch distance, 
from the southern mouth of the bay to the northern extent of the bay, over which the 
wind velocity vectors can generate these maximum wave heights. Additionally, waves 
are generated in the flooded areas of the adjacent Oso, Nueces and Redfish Bays. In the 
immediate near-shore environment, the hurricane’s outmost winds are directed onshore 
and northward, and generate maximum wave heights, which range between 3m - 7m,  
even after the passing of the hurricane.   
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On track 5, at 6 hours before landfall, the hurricane waves activity are, also, 
similar to that of Track 1.  The hurricane on this track makes landfall at a location to the 
north of the bay, hence the weaker wind velocity vectors are directed offshore; thus 
maximum wave heights in the bay are located near the entrance. Additionally, wave 
heights near the shoreline are much lower compared to the same time period on Tracks 1 
and 4. At 6 hours after landfall, due to the northward direction of the wind velocity 
vectors, the maximum wave height in the bay are located at the northern extent. Also, 
when compared to the previous tracks, the surrounding bays are not as flooded and the 
wave heights in the near-shore environment are much smaller due to the weaker outmost 
winds.   
Time series of the model-simulated wave heights at the near-shore, shoreline and 
Corpus Christi locations are shown in Figure 12. In the near-shore environment, the 
graphs have similar shapes and trends and shows that for the simulated hurricane 
scenario, wave generation and maximum wave height is dependent on storm landfall 
location. Due to its southern landfall location, the most intense winds of the storm on 
track 4, generated maximum wave heights at landfall that were 11.4% higher in the near-
shore, 29.3% higher at the shoreline, and 55.6% higher in the bay, than the storm on 
track 1.   
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Inside the bay, near Corpus Christi, the extent of the maximum wave height for 
the storm on track 4, starts from the time of landfall until the end of simulation. The 
duration of the wave height is attributed to the wind velocity vectors directed across the 
bay at the period of landfall, which generates the maximum wave height. Furthermore, 
Figure 12. Time series of significant wave height (m) by track at near-shore (top), shoreline (middle) 
and Corpus Christi (bottom) locations as shown in Figure 9.  All locations have different vertical 
plot ranges.   
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due to the track of this storm, the outer most wind velocity vectors, after landfall, are 
directed northward across the bay; thus, occurring over a relatively long distance over 
which maximum waves can be generated.  The time series of the wave height on track 5 
produced the minimum wave height when compared to the other tracks. Inside the bay, 
at around the time of landfall, the wave height drops to zero and is then regenerated a 
few hours later. From the snapshots in Figure 11, the time period in which the wave 
height is zero corresponds to the weaker wind velocity vectors, on the left side of the 
storm, that are directed shoreward across the bay. This resulted in much lower surge 
elevations. The increase in wave height a few hours later resulted from the wind velocity 
vectors directed northwards across the bay, which subsequently elevated surge levels 
and generated waves.  
 
4.3 Sensitivity to Hurricane Intensity     
The sensitivity analyses compares the effects of varying the central pressures for 
three hurricanes approaching on track 1 from the southeast with a forward speed of  
5.7m/s, radius of 20.4 km and making landfall at point 5 as indicated in Figure 9. Planar 
view elevation snapshots taken at different times in the simulation are displayed in 
Figure 13. These time frames show the wave heights at 6 hours before landfall, at 
landfall, and at 6 hours after landfall, and show the wave heights in relation to the 
hurricane as it approaches and passes over the bay.  For each of the snapshots, the 
increase in central pressure of the storm translates into an increase in the magnitude of 
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the wind velocity vectors, which corresponds to the subsequent increase in wave heights 
and wave activity displayed in the various locations in the figure.  
At 6 hours before landfall, the waves along the shoreline for the three storms are 
on the order of a meter. Also, during this time period, the wave heights offshore are 
increasing for the relative decrease in storm central pressure. At landfall, the winds shift 
northward and onshore; hence, the barrier islands immediately in front of the bay have 
been inundated with storm surge. Also, at this time inside the bay, the waves generated 
are due to a combination of localized hurricane winds and elevated water levels from the 
flooded barrier islands. After landfall and as each storm continue northwest the winds 
over the bay reverses direction. At 6 hours after landfall, with the winds directed 
northward, the largest wave height of around 7m is located in the offshore environment 
and corresponds to the storm with central pressure of 900mb. In the near-shore 
environment, water levels are returning to its pre-storm levels; hence, wave height is 
suppressed with model results of around 2m.
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Figure 13. Results depicting sensitivity of wave heights to hurricane’s central pressure simulated on track 1. 
Plots depicts planar view of model-simulated significant wave height contours (m) and wind vectors (m/s) 
snapshots at 6 hours before landfall, approximately landfall, and 6 hours after landfall. Rows represents the 
specified hurricane’s pressure. 
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The spatial extent of the maximum wave heights generated for each storm, 
during the simulation, is showed in Figure 14. This figure illustrates that stronger 
hurricanes winds associated with the decrease in central pressure, generate higher waves. 
As shown in the figure, the strongest hurricane (900mb central pressure) generates a 
larger spatial extent of waves in the southern areas of the bay, at the shoreline, and in the 
near-shore environment.  
Time series of the model-simulated wave heights at the near-shore, shoreline and 
Corpus Christi location are shown in Figure 15. At the specified points, the graphs 
display similar trends in terms of shape and temporal distribution of wave heights. In the 
near-shore environment, wave heights began increasing at around 24 hours before 
landfall, and subsequently start declining for a period of 24 hours after landfall. Within 
this window, for each storm the peak wave height is reached at around the time of 
landfall. At the shoreline, the situation is a bit similar; however the time window of 
increasing wave height is much narrower. Inside the bay, near Corpus Christi, there is a 
gradual increase in wave height until the hurricane makes landfall, though with zero 
wave height until the storm begins to affect the bay.  
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Figure 14. Results depicting spatial extent of contours of maximum significant wave height (m) 
during model simulation. Rows represent hurricane with central pressure of 960mb (top),  930mb 
(middle) and 900mb (bottom). 
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Cp = 930mb 
Cp = 900mb 
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Figure 15. Time series of significant wave height (m) by hurricane’s central pressure at near-shore 
(top), shoreline (middle) and Corpus Christi (bottom) locations. All locations have different vertical 
plot ranges.  
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4.4 Sensitivity to Hurricane Radius     
This sensitivity analyses compares the effects of varying the radii for three 
hurricanes approaching from the southeast at 5 m/s, central pressure of 900mb, and 
making landfall at point 5 as indicated in Figure 9. Planar view elevation snapshots taken 
at different times in the simulation in displayed in Figure 16. These time frames show 
the wave heights at 6 hours before landfall, at landfall, and at 6 hours after landfall. The 
wave heights are shown in relation to the hurricane as it approaches and passes over the 
bay and shelf.  For each of the snapshots, the increase of the storm radius produces an 
increase in the spatial distribution of intense wind velocity vectors, which corresponds to 
the subsequent increase in wave heights as displayed in the various locations on the 
figure.  
At 6 hours before landfall, a southerly, alongshore-directed wind stress begins to 
affect the coast; however, the waves along the shoreline for the three storms are varying 
in magnitude and range between 2m – 3m. However, due to the spatial extent of the 
hurricane’s outermost wind velocity vectors, the largest hurricane with a radius of 60m 
generates maximum wave heights of 10m in the offshore environment. For the same 
time period, the hurricane of radius 40m generates maximum wave heights of 8m, while 
the hurricane of radius 20m generates maximum wave heights of 6m. Additionally, at 
this time period, the outermost wind velocity vectors of the largest hurricane generate 
wave activity in the bay while the hurricane is still further offshore.  
At landfall, in the near-shore environment, the hurricane with the largest radius 
continues to generate the largest maximum wave heights of around 10m; however, the 
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Figure 16. Results depicting sensitivity of wave heights to hurricane’s radius on track 1. Plots depicts planar 
view of model-simulated significant wave height contours (m) and wind vectors (m/s) snapshots at 6 hours 
before landfall, approximately landfall, and 6 hours after landfall. Rows represents the specified hurricane’s 
radius. 
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spatial extent of these maximum waves is increased. This spatial extent of maximum 
waves decreases with the corresponding decrease in hurricane size. Inside the bay, the 
wave heights are around 2m – 3m for each storm. After landfall, as the storms continue 
northwest, the winds over the bay reverses direction and the larger outermost wind 
velocity vectors continue to exhibit wave activity in the bay.  
At 6 hours after landfall, with the winds directed northward, the largest wave 
height of around 2m exists in the northern extent of the bay and is generate by the largest 
hurricane. In the offshore environment, a similar wave height activity is represented, as 
the largest hurricane outer most winds generate significant wave heights of around 10m. 
The spatial extent of these maximum waves, in the offshore, is smaller in size when 
compared to the period in which the hurricane made landfall. Additionally, in the 
offshore environment, the hurricane of radius 40m generates wave heights of around 8m, 
while the hurricane of radius 20m generates wave heights of around 6m. For this time 
period, these wave heights occur over a smaller spatial area and correspond to the wind 
velocity vectors of the hurricane which, due to its size, generates much smaller wave 
heights.  
The spatial extent of the maximum wave heights generated for each storm, 
during the simulation, is showed in Figure 17. This figure shows that as the hurricane 
radius increases, the spatial extent and maximum wave height subsequently increases. 
As shown in the figure, the largest hurricane (66.0 km radius) generates a significant 
amount of wave activity in the bay, near-shore and shoreline environment. Likewise, 
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Figure 17. Results depicting spatial extent of maximum significant wave height contours (m) during 
model simulation. Rows represent hurricane with radius of 20.4km (top),  40.4km (middle) and 
66.0km (bottom). 
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increasing maximum wave heights are shown offshore, for the corresponding increase in 
hurricane radius.   
Time series of the model-simulated wave heights at the near-shore, shoreline and 
Corpus Christi locations are shown in Figure 18. For the points in the near-shore and at 
the shoreline, the time period of wave generation seems sensitive to the radius of the 
hurricane. In the near-shore environment, wave generation started rapidly more than 24 
hours before the largest hurricane made landfall. This trend in the shape of the graph is 
similar for the smaller hurricanes; however the wave generation process is not as rapid 
and occurs over a smaller time period. Also, the temporal extent to which the waves 
remain near maximum height is much larger for the larger hurricanes as these waves 
remain in the intense region for a longer period of time. From the figure, it appears that 
the largest hurricane has two maxima that occur just before and after the hurricane made 
landfall. As the hurricane approach from the southeast the onshore directed winds 
produces a surge build up which enables maximum wave height in both the near-shore 
and shoreline locations. Also, shortly after the eye of the hurricane passes and the 
hurricane makes landfall, the offshore directed winds, under high surge conditions, 
enables maximum wave height in both the near-shore and shoreline locations.  
After the hurricane made landfall, the decline in wave height over time is less 
steep for a larger hurricane than that of a smaller hurricane. Subsequently, higher wave 
heights remain much longer in the near-shore environment after the large hurricane has 
passed. This is evident from the planar plots (Figure 16) which depicts the maximum 
wave heights for the large hurricane remain in this environment 6 hours after it had made 
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landfall.  Inside the bay, the wave generation process starts much earlier for larger 
hurricane than that of a smaller size. After maximum height is achieved, a similar 
gradual decline is observed for a larger hurricane than that of a smaller size hurricane.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Time series of significant wave height (m) by hurricane’s size  at near-shore (top), 
shoreline (middle) and Corpus Christi (bottom) locations. All locations have different vertical plot 
ranges. 
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4.5 Sensitivity to Translational Speed     
This sensitivity analysis compares the effects of varying the forward speed for 
the three hurricanes approaching from the southeast at 5 m/s, central pressure of 900mb, 
radius 38.9km and making landfall at point 5 as indicated in Figure 9. Because of the 
different forward speed of the hurricanes, the landfall times are also different, as 
displayed in the planar view elevation snapshots in Figure 19. These time frames show 
the wave heights at 6 hours before landfall, at landfall, and at 6 hours after landfall, and 
show the wave heights in relation to the hurricane as it approaches and passes over the 
bay.  For each of the snapshots, the increase in forward speed of each hurricane 
generally corresponds into a smaller time period in which the hurricane winds can 
generate waves. Subsequently, for an increase in forward speed, there is a general 
decrease in wave heights as displayed in the various locations shown in the figure.   
At 6 hours before landfall, the slower moving hurricane with 2.8 m/s forward 
speed displays significant wave activity in the offshore environment and inside the bay 
when compared to the hurricanes with 5.7m/s and 11.4 m/s forward speed.  In this 
snapshot wave heights in the offshore environment are shown to be around 12m and the 
adjacent barrier islands appears to be flooded. Wave activity at the southern extent of the 
bay is due to the offshore directed wind velocity vectors. During this same time period, 
the faster moving hurricanes all display fewer flooded areas, smaller wave heights in the 
bay and in the near-shore environment.  
At landfall, the intense winds to the right of the storm are directed onshore and 
there is an increase in over-land flooded areas for all hurricanes. For the hurricane 
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Figure 19. Results depicting sensitivity of wave heights to hurricane’s forward speed. Plots depicts planar view of 
model-simulated significant wave height contours (m) and wind vectors (m/s) snapshots at 6 hours before landfall, 
approximately landfall, and 6 hours after landfall. Rows represents the specified hurricane’s forward speed.  
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travelling at 2.8 m/s, the maximum wave heights of around 10m remain in the offshore 
environment; however, for the faster moving hurricanes there is an increase in wave 
activity in both the bay, near-shore and offshore environment. For the hurricane 
traveling at 5.7m/s near-shore wave heights are around 3m, while offshore maximum 
wave heights have increased to 10m. Similarly, for the hurricane traveling at 11.4m/s 
near-shore wave heights are around 3m, while offshore maximum wave heights has 
increased to 9m.     
At 6 hours after landfall, with the winds directed northward, there are various 
levels of wave activity in the snapshot represented by the three hurricanes. For the 
hurricane travelling at 2.8 m/s, there still exist maximum wave heights of 10m in the 
offshore environments as these winds velocity vectors of this slow moving storm 
continue to generate these maximum wave conditions. Additionally, during this time 
period, wave heights of 3m are shown in the north-most location of Redfish Bay, due to 
the increase in water levels from the inundated barrier islands. In the offshore 
environment, the wind velocity vectors of the hurricane travelling at 5.7m/s generates 
maximum wave heights of around 9m, while the faster hurricane travelling at 11.4m/s 
generates maximum wave heights of around 8m. During this time period, all of the 
hurricanes show comparable wave heights of 2m – 3m in the near-shore environment.    
The spatial extent of the maximum wave heights generated for each storm, 
during the simulation, is showed in Figure 20. This figure depicts that in the near-shore 
environment, the spatial extent of the wave height maxima is generally similar for all 
three hurricanes. This is not the case inside the bay as the hurricane travelling at 2.8 m/s      
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Figure 20. Results depicting spatial extent of maximum significant wave height contours (m) during 
model simulation. Rows represent hurricane with forward speed of 2.8m/s (top),  5.7m/s (middle) 
and 11.4m/s (bottom). 
 
Vf = 2.8 m/s 
Vf = 5.7 m/s 
Vf = 11.4 m/s 
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displays a significantly more spatial extent of maximum wave heights when compared to 
the hurricanes travelling at 5.7 m/s and 11.4 m/s, respectively.     
Time series of the model-simulated wave heights at the near-shore, shoreline and 
Corpus Christi locations are shown in Figure 21. For the points in the near-shore and at 
the shoreline, the maximum wave height achieved seems less sensitive to the forward 
speed of the translating as the graphs depict similar maxima at these locations. However, 
for the point located in the bay, wave generation is sensitive to the forward speed of the 
hurricane as the slower moving hurricane travelling at 2.8 m/s achieved the greatest 
wave height than the faster moving hurricanes travelling at 5.7 m/s and 11.4 m/s, 
respectively.   
Figure 21 illustrates that the time for which the wind acts on a given coastal 
ocean or bay environment is important in generating the maximum wave height. At the 
near-shore and shoreline locations on the Gulf, even though the translation speed may 
vary, the wave height responses are similar because the winds are acting over a sufficient 
time to raise sea level there, and subsequently allowing for maximum wave height. 
However, for the point located inside Corpus Christi Bay, the wave height responses are 
different for the variation in the translation speed of each hurricane. At around the time 
for each respective storm landfall, the leading winds of the storm raises sea level in the 
bay. The trailing winds then lowers sea level. If the trailing winds arrives before the 
leading winds can fully affect significant surge height than the resulting surge height will 
be suppressed. As a result, the slower the translation speed the larger the surge and wave 
height within the bay.   
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Figure 21. Time series of significant wave height (m) by hurricane’s forward speed  at near-shore 
(top), shoreline (middle) and Corpus Christi (bottom) locations. All locations have different vertical 
plot ranges.  
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4.6 Conclusions on Sensitivity Analysis     
Presented in this section are the results of wave height sensitivity analysis based 
on the hurricane’s landfall location, intensity, radius size and forward approach speed. 
Simulated planar elevation snapshot plots and time series graphs provide a spatial and 
temporal illustration of the characteristic impacts on significant wave heights.  
The point of landfall is important because with counterclockwise winds around 
the hurricane eye, maximum surge and wave height levels are created by onshore-
directed winds. This occurs when the landfall location is south of the Corpus Christi 
Bay.  The central pressures and the physical size (radius to maximum winds) are also 
highly relevant. Intense storms consisting of low central pressure have maximum wind 
speeds that produces surge levels and maximum wave heights at locations located at the 
shoreline and in the bay. Similarly, storms with large radii have large winds extending 
over larger areas than smaller radii storms, thus producing a similar trend in wave height 
characteristics. Finally, the speed of approach is important since it takes a finite amount 
for time to transport water from one point to another in order to build the slope. Fast 
moving storms may yield lesser surge than slow moving storms since there may not be 
sufficient time to fully set up the sea surface slope that comprises the surge. As a result 
of lower surge levels, fast moving storms produces lower maximum wave height than 
slower moving storms.   
One feature that is apparent is that each location (near-shore, shoreline and 
Corpus Christi) appears to have a time evolution trend that is unique to its location, 
regardless of the hurricane parameter being tested. The wave height at the near-shore 
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location builds up steadily, and the shape of its maximum is somewhat broad over time. 
The increase in water level due to surge might not be large here relative to depth, so the 
evolution is likely just due to the changes in wind speed alone. At the shoreline, there is 
a buildup of wave height that ramps up suddenly and also decays suddenly. Here the 
surge-induced increase in water level may be greater than the water depth, so breaking is 
keeping the wave height down until the surge gets high enough to allow the wave 
heights to grow – this is likely happening during the sudden increase near the landfall 
time. Finally, the Corpus Christi location appears to have a trend similar to the near-
shore location, with the difference that the wave height is zero until the hurricane begins 
to affect the bay.    
 
4.7 Development of Parameterized Models     
Presented in this section are the results of the development of the parameterized 
maximum wave height response ( max
sH ) models. This is determined by incorporating 
Young’s equivalent fetch ( eq YX   
) (Equation 2.16), Alves’s modified version of Young’s 
equivalent fetch (
eq AYX   
) (Equation 2.19), and Alves’s equivalent fetch ( eq AX   ) 
(Equation 2.21) models into (1) dimensionless best-fit equations and (2) SPM model.  
 
4.7.1 Dimensionless Functions Approach       
For the points on the open coastline and at the near-shore location, Figure 22 
illustrates the relationship between the dimensionless significant wave height and the 
three dimensionless forms of the equivalent fetch as discussed in Section 2.6. To obtain 
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a form similar to that of Young’s maximum wave height prediction model (Equation 
2.15), a power-based best-fit line was selected. Solving this equation for max
sH  yields 
formulas for predicting the maximum significant wave heights in the open-coast 
environment based on the gravitational constant ( g ), equivalent fetch ( eqX ), and 
maximum wind speed (Vmax ). These formulas are represented as: 
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where Equations 4.1 – 4.3 represents the  max
sH  formulas from the top to bottom graphs 
in Figure 22, respectively. Equations 4.1 and 4.2 each have similar coefficients and 
exponents because the functional form of 
eq YX    
and 
eq AYX   
 are both similar. This is in 
contrast to Equation 4.3 which incorporates 
eq AX   , whose functional form is 
significantly different as it includes both  Rmax (and not Young’s scaling relationship) 
and 
max
gc .  
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Figure 22. Dimensionless relationships for the points located at the shoreline. Modeled data shown 
as scatter points with the associated power based best-fit curves. Rows represents the use of Xeq as  
defined by Young (top), Alves-Young (middle), and Alves (bottom). 
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For the points that are stationed inside the bay, Figure 23 illustrates the 
relationship between the dimensionless significant wave height and the three forms of 
the equivalent fetch as previously mentioned. Solving the power-based best-fit line for 
max
sH  yields formulas for predicting the maximum significant wave height inside the 
bay, which are represented as: 
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where Equations 4.4 – 4.6 represents the  max
sH  formulas from the top to bottom graphs 
in Figure 23, respectively.  
An evaluation of the accuracy of Equations 4.4 – 4.6 is presented in Figure 24, as 
the max
sH  
predicted, for all 24 points, through these equations are compared with the  
max
sH  output from the ADCIRC-SWAN simulations. The top graph in this figure 
displays the max
sH  predicted using Equations 4.1 and 4.4, using eq YX  , has a R
2
  value of 
0.37 and root mean square error of 0.56 m. The middle graph in this figure displays the 
max
sH  predicted using Equations 4.2 and 4.5, using eq AYX  , has a R
2
  value of 0.28 and 
root mean square error of 0.68 m. The bottom graph in this figure displays the max
sH   
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Figure 23. Dimensionless relationships for the points located in the bay. Modeled data are shown as 
scatter points with the associated power based best-fit curves. Rows represents the use of Xeq as  
defined by Young (top), Alves-Young (middle), and Alves (bottom). 
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Figure 24. Scatterplots of predicted maximum significant wave height determined from 
dimensionless functions compared with numerical model results.  Rows represents the max wave 
height based on Eqns. 4.1 and 4.4  (top), Eqns. 4.2 and 4.5 (middle),  Eqns. 4.3 and 4.6  (bottom). 
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predicted using Equations 4.3 and 4.6, using 
eq AX  ,  has a R
2
  value of 0.34 and root 
mean square error of 0.52 m.  
Table 6 displays a summary of the statistical analysis of max
sH  prediction error 
for the points on the open coast line and in the near-shore. For these points, 
eq AX    
model had slightly under-predicted max
sH , with an average bias of -0.07m. This is 
significantly less than 
eq YX    with a bias of -0.22m. However, eq AYX   
had over-
predicted  max
sH  with an average bias of 0.41m. Also, eq AX   model has an equal scatter 
index to that of 
eq YX  , with an average value of 0.28. Hence, these methods have a 
better accuracy of max
sH  than that of eq AYX  , which had a scatter index value of 0.41.   
At the shoreline, the variation in the individual biases at the points 2 -10, gives an 
indication of how strongly the various forms of the equivalent fetch and the bathymetric 
depth ultimately determines the predicted max
sH , from the dimensionless functions. This 
is evident as 
eq YX   and eq AYX   have a similar structure and differ slightly in terms of 
coefficients and exponents, yet they display a wide range of biases for the respective 
points. For instance point 2, located west of the hurricane landfall at a depth of 0.13m, 
had an average bias of 0.04m for
eq YX  , 0.74m for eq AYX  , and 0.22m for  eq AX   .  
Similarly, point 6 located on the dune at an elevation of -0.75m had an average bias of 
0.26m for eq YX  , 0.96m for eq AYX  , and 0.48m for  eq AX   .   
Table 7 displays a summary of the statistical analysis of max
sH  prediction error 
for the points in the bay. For these points, eq AX   model had the least under-prediction of  
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Table 6. Summary of average errors, for the dimensionless functions, at the points located on the 
open-coast line.  
 
Point 
Open Coast Maximum Wave Heights - (Dimensionless functions) 
Young's Model NOAA-Young's Model NOAA's Model 
SI Bias (m) SI Bias (m) SI Bias (m) 
2 0.11 0.04 0.44 0.74 0.16 0.22 
3 0.13 -0.20 0.27 0.50 0.07 -0.04 
4 0.08 0.04 0.44 0.74 0.15 0.22 
5 0.13 -0.21 0.27 0.52 0.07 -0.04 
6 0.21 0.26 0.66 0.96 0.34 0.48 
7 1.22 -0.43 1.22 -0.43 1.22 -0.43 
8 0.28 -0.65 0.07 0.07 0.22 -0.51 
9 0.17 -0.30 0.22 0.42 0.09 -0.13 
10 0.25 -0.57 0.09 0.16 0.19 -0.43 
Average 0.28 -0.22 0.41 0.41 0.28 -0.07 
 
Table 7. Summary of average errors, for the dimensionless functions, at the points located in the 
bay.  
 
Point 
Bay Maximum Wave Heights  - (Dimensionless functions) 
Young's Model NOAA-Young's Model NOAA's Model 
SI Bias (m) SI Bias (m) SI Bias (m) 
11 0.44 -1.01 0.52 -1.18 0.36 -0.80 
12 0.44 -0.98 0.51 -1.15 0.35 -0.78 
13 0.37 -0.76 0.46 -0.93 0.28 -0.54 
14 0.43 -0.97 0.51 -1.14 0.36 -0.78 
15 0.41 -0.89 0.49 -1.06 0.33 -0.70 
16 0.49 0.39 0.29 0.22 1.02 -0.85 
17 0.28 0.24 0.14 0.07 0.56 0.51 
18 0.94 0.57 0.66 0.39 1.33 0.82 
19 0.36 0.27 0.19 0.10 0.56 0.47 
20 0.19 -0.06 0.25 -0.23 0.16 0.07 
21 0.29 -0.39 0.38 -0.56 0.21 -0.27 
22 0.32 -0.54 0.41 -0.71 0.23 -0.40 
23 0.29 0.21 0.15 0.04 0.46 0.40 
24 0.15 0.06 0.15 -0.11 0.25 0.24 
Average 0.39 -0.27 0.37 -0.45 0.46 -0.19 
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the max
sH with an average bias of -0.19m. Also, both eq YX   and  eq AYX   
had under-
predicted  max
sH  with an average bias of -0.27m and -0.45m, respectively. However, in 
terms of accuracy, 
eq AYX   has a slightly higher scatter index average value of 0.37. This 
is followed by both 
eq YX  , with an average value of 0.39, and eq AX  , with an average 
value of 0.46.    
The grouping in the individual biases in the bay, at  points 11 – 24, gives an  
indication of how strongly the geographical location of the points helps to determine the 
predicted max
sH , from the dimensionless functions. For points 11-15, which are located 
at the southern portion of the bay, each form of the 
eqX    all under-predicted the  
max
sH    
by the various negative biases as indicated in the table. This could have resulted from the 
buildup of surge and flooding of this geographic location as the hurricane made landfall, 
thus enabling maximum wave conditions in this area. Ultimately, the relative large 
negative biases indicate that the models did not reflect this large increase in water level 
that would enable maximum wave heights. A similar scenario is indicated by points  
20 – 22, which are located at the northern extent of the bay and displays relative lower 
negative biases. The geographic location of these points indicated that the surge build up 
cause by the weaker trailing wind velocity vectors, after the hurricane passes, also enable 
wave conditions that were slightly higher than the predicted  max
sH  values. For points  
16 – 19 , which are over-land and located in the western portion of the bay, the over-
prediction of the models indicted that there was not a significant level of surge buildup at 
these points thus yielding lower wave activity. Similarly for points 23 – 24, which are 
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located in the adjacent Nueces Bay, the over-prediction of the models indicted that there 
was not a significant level of surge buildup at these points as the narrow inlet of this bay 
might have provided a restriction for surge development. This restriction in surge 
production would yield low wave activity.   
 
4.7.2 SPM Model      
The accuracy of the SPM model (Equation 2.28), for all output points, is 
presented in Figure 25, as the max
sH  
predicted from this model (with the inclusion of  
eqX ) are compared with the  
max
sH  output from the ADCIRC-SWAN simulations. The 
top graph in this figure displays the max
sH , predicted using eq YX   with a R
2
 value of 0.77 
and root mean square error of 0.45 m. The middle graph in this figure displays the max
sH , 
predicted using 
eq AYX   with a R
2
 value of 0.77 and root mean square error of 0.45 m. 
The bottom graph in this figure displays the max
sH , predicted using eq AX   with a R
2
 value 
of 0.46 and root mean square error of 0.86 m.  
To decrease the root mean square error in the SPM model, output points 1, 
located in the near-shore, and 16, located in the bay, are removed from the analysis. The 
removal of these points resulted in a 17.7% reduction of the root mean square error for 
the max
sH  predicted using eq YX   and eq AYX  . Likewise, there is a 39.5% reduction in the 
root mean square error for the max
sH predicted using eq AX  . This reduction is presented in 
Figure 26 as the max
sH  
predicted from this model are compared with the  max
sH  output  
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Figure 25.  Scatterplots of predicted maximum significant wave height determined from the SPM 
model functions compared with numerical model results.  Rows represents the use of Xeq,  in the 
SPM model, as  defined by Young (top), Alves-Young (middle), and Alves (bottom). 
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Figure 26.  Scatterplots of predicted maximum significant wave height (minus points 1 and 16) 
determined from the SPM model functions compared with numerical model results.  Rows 
represents the use of Xeq,  in the SPM model, as  defined by Young (top), Alves-Young (middle), and 
Alves (bottom). 
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from the ADCIRC-SWAN simulations. The top graph in this figure displays the max
sH , 
predicted using 
eq YX   with a R
2
 value of 0.70 and root mean square error of 0.37 m. The 
middle graph in this figure displays the max
sH , predicted using eq AYX   with a R
2
 value of 
0.70 and root mean square error of 0.37 m. The bottom graph in this figure displays the
max
sH , predicted using eq AX   with a R
2
 value of 0.70 and root mean square error of 
0.52m.  
Table 8 displays a summary of the statistical analysis of max
sH  prediction error 
for the points on the open coast line. For these points, both 
eq YX   and  eq AYX   
had 
under-predicted  max
sH  with the same average bias value of -0.25m. This is significantly 
less than 
eq AX   model which also under-predicted the  
max
sH , but with a higher a bias of 
-0.49m. Also, both eq YX   and  eq AYX   
had a similar scatter index value 0.23. Hence, for 
the points located on the open coast, these methods have a better accuracy of max
sH  than 
that  of 
eq AX  , which had a higher scatter index value of 0.33.   
At the shoreline, for points 2 – 10, the equal biases 
eq YX  and eq AYX    as 
compared to the biases of eq AX   2 -10, gives an indication of how strongly the functional 
form of the equivalent fetch, when incorporated into the SPM model, determines the  
max
sH .  This is in stark contrast to the variations in the biases produced from the 
dimensionless functions discussed in the previous section. Additionally, the SPM model 
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under predicted  max
sH  for all the points at the shoreline, with the exception of the point 
7, which is located inland.  
 
 
Table 8. Summary of average errors, for the SPM model, at the points located on the open-coast 
line.  
 
Point 
Open Coast Maximum Wave Heights  - (SPM) 
Young's Model NOAA-Young's Model NOAA's Model 
SI Bias (m) SI Bias (m) SI Bias (m) 
2 0.18 -0.26 0.18 -0.26 0.26 -0.42 
3 0.18 -0.32 0.18 -0.32 0.30 -0.57 
4 0.14 -0.19 0.14 -0.19 0.23 -0.38 
5 0.16 -0.25 0.16 -0.25 0.29 -0.55 
6 0.16 -0.17 0.16 -0.17 0.21 -0.28 
7 0.62 0.21 0.62 0.21 0.60 0.20 
8 0.22 -0.48 0.22 -0.48 0.38 -0.92 
9 0.19 -0.34 0.19 -0.34 0.32 -0.65 
10 0.20 -0.42 0.20 -0.42 0.37 -0.85 
Average 0.23 -0.25 0.23 -0.25 0.33 -0.49 
 
 
Table 9 displays a summary of the statistical analysis of max
sH  prediction error 
for the points in the bay. Unlike the open-coast points, both eq YX   and  eq AYX   
had over-
predicted the max
sH  with the same average bias value of 0.18m. On the other hand, eq AX   
model had under-predicted the max
sH with an average bias of -0.25m. However, in terms 
of accuracy, all three methods produced similar scatter index average values. eq AX  , just 
has a slightly more accurate value of 0.31, while both eq YX   and  eq AYX   
had a similar 
scatter index value 0.33.    
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Table 9. Summary of average errors, for the SPM model, at the points located in the bay.  
 
Point 
Bay Maximum Wave Heights  - (SPM) 
Young's Model NOAA-Young's Model NOAA's Model 
SI Bias (m) SI Bias (m) SI Bias (m) 
11 0.10 0.03 0.10 0.03 0.33 -0.74 
12 0.11 0.12 0.11 0.12 0.32 -0.70 
13 0.10 0.02 0.10 0.02 0.27 -0.54 
14 0.09 0.08 0.09 0.08 0.32 -0.70 
15 0.15 0.23 0.15 0.23 0.29 -0.60 
16 1.02 -0.85 1.02 -0.85 1.02 -0.85 
17 0.26 0.17 0.26 0.17 0.19 0.09 
18 0.65 0.40 0.65 0.40 0.56 0.35 
19 0.52 0.43 0.52 0.43 0.32 0.26 
20 0.20 0.15 0.20 0.15 0.11 -0.04 
21 0.23 0.26 0.23 0.26 0.15 -0.21 
22 0.43 0.74 0.43 0.74 0.16 -0.25 
23 0.41 0.36 0.41 0.36 0.23 0.21 
24 0.40 0.42 0.40 0.42 0.15 0.16 
Average 0.33 0.18 0.33 0.18 0.31 -0.25 
 
 
For points 11 – 24 in the bay, the equal over-prediction by both eq YX   and  
eq AYX   
in the SPM gives an indication of how strongly the functional form of the 
equivalent fetch, when incorporated into the SPM model, determines the  max
sH .  The 
range of over-prediction, for eq YX   and eq AYX  ,  across all the points seem to indicate 
that geographical location does not play an influence and the wave growth as govern by 
SPM seem to work well in the bay. The biases produced by these forms of eqX  are 
different than the grouping of the individual biases given by eq AX   for the points in the 
bay. The grouping observed, for this form of the equivalent fetch, is an indication of how 
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the geographical location of points 11 – 24, helps to determine the predicted max
sH . The 
grouping of biases is similar to the grouping observed from the dimensionless function 
discuss in the previous section. 
 
4.8 Conclusions for max
sH Parameterizations    
Presented in this section are the results of the development of maximum wave 
height response models which incorporated three forms of
eqX . The first approach 
considered the use of dimensionless functions, which produced best-fit curves that can 
be solved for the prediction of max
sH . This approach yielded RMSE that range between 
0.52m – 0.68m. Additionally, the accuracy for this method varied greatly as the highest 
scatter index was 0.28 for the open-coast points and 0.37 for the bay points. At the 
shoreline, the variation in the individual biases, gives an indication of how strongly the 
various forms of the equivalent fetch and the bathymetric depth ultimately determines 
the predicted max
sH , from the dimensionless functions. Similarly, the grouping in the 
individual biases in the bay, gives an indication of how strongly the geographical 
location of the points helps to determine the predicted max
sH . It is observed that the model 
generally under predicted the max
sH at points that are located where a buildup of surge 
occurs.  
The second approach uses the SPM method with the inclusion of the three forms 
of  eqX . When compared to the aforementioned dimensionless approach, this method 
produced a lower RMSE of 0.37m.  Additionally, the accuracy for this method was 
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higher as the lowest scatter index was 0.23 for the open-coast points and 0.31 for the bay 
points. At both the shoreline and bay points, the equal biases by both 
eq YX  and eq AYX    
when compared to the biases of 
eq AX  , gives an indication of how strongly the 
functional form of the equivalent fetch, as incorporated into the SPM model, determines 
the  max
sH .  The range of over-prediction across all the points seem to indicate that 
geographical location does not play an influence and the wave growth as govern by SPM 
seem to work well in the bay. One possible reason is that the shallow water forecasting 
curves, from which the SPM model was derived, contain depth, while the dimensionless 
forms used in the analysis does not. The only place depth enters into the dimensionless 
formulations is through the power fit from the ADCIRC-SWAN results.       
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CHAPTER V 
SUMMARY AND CONCLUSIONS   
 
Computational results provided by the coupled ADCIRC-SWAN numerical 
model indicate that for a range of simulated hurricane landfall locations, central 
pressures, radius sizes and forward approach speeds, a wide range of spatial and 
temporal characteristics for the significant wave height are possible. The location of 
hurricane landfall results in significant differences in the wave height at the specified 
points. This is due to the spatial variation of the maximum wind velocity vectors that 
produce elevated surge levels in the near-shore, shoreline and bay area. This 
subsequently produces different maximum wave heights as water depth plays an 
important role in the generation of hurricane waves. Additionally, the variation in central 
pressures, radius sizes and forward speed each play a role in the generation of the 
maximum wave heights and they produce elevated surge levels that contribute to wave 
generation. The time evolution trend of the generation of the significant wave height is 
found to be unique to its geographic location. At the near-shore location the wave height 
builds up steadily, and the shape of its maximum is somewhat broad over time.  At the 
shoreline, there is a buildup of wave height that ramps up suddenly and also decays 
suddenly. Finally, the Corpus Christi location appears to have a trend similar to the near-
shore location, with the difference that the wave height is zero until the hurricane begins 
to affect the bay.    
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The development of max
sH  models is determine by incorporating Young’s eqX ,  
Alves’s modified version of Young’s 
eqX  
and Alves’s 
eqX  models into (1) 
dimensionless best-fit equations and (2) SPM model.  The dimensionless best-fit 
equation approach indicates of how strongly the various forms of the equivalent fetch 
and the bathymetric depth ultimately determines the predicted max
sH . This approach 
yielded RMSE that range between 0.52m – 0.68m. Additionally, the accuracy for this 
method varied greatly as the highest scatter index was 0.28 for the open-coast points and 
0.37 for the bay points. The SPM approach gives an indication of how strongly the 
functional form of the equivalent fetch determines the predicted max
sH .  When compared 
to the dimensionless approach, this method produced a lower RMSE of 0.37m.  
Additionally, the accuracy for this method was higher as the lowest scatter index was 
0.23 for the open-coast points and 0.31 for the bay points.  
Studying the possible effects of various parameters on wave height and the 
ability to develop practical tools of estimating the maximum hurricane generated waves 
is very important. As shown in the literature review, numerical models that focus on 
these areas are limited. Should hurricanes increase in frequency in the near future, there 
is an increased risk for damages relating to both storm surge and wave forces. Thus, 
topics of recommended future research include:  
- Evaluating wave height responses to a larger set of  hurricane scenarios and 
the inclusion of  additional parameters such as angle of hurricane approach 
 92 
 
- Determine the equivalent fetch coefficients and exponents based on the 
coupled model results of ADCIRC – SWAN 
- Field measurements of near-shore and inland wave heights, with surge and 
wave sensors (Kennedy et al., 2011b), to compare the coupled numerical of 
ADCIRC – SWAN 
- Consider couple model simulations for other areas in the Gulf of Mexico, for 
example the upper Texas coast or the west coast of Florida, which have 
different bathymetric and topographic conditions  
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